spine surgeons. It is now used to treat a multitude of conditions including degenerative disc disease, spondylolisthesis, foraminal stenosis, tumor, and trauma. 21, 31, 32, [37] [38] [39] 58 Biomechanically, the interbody cage used in LLIF surgery applies an extension distraction moment to the anterior and middle columns of the lumbar spine and serves several purposes. First, it expands the interbody space, restoring lost disc space height and indirectly enlarging the neuroforamina, ultimately reducing nerve root compression. This distraction additionally induces ligamentotaxy, thus reducing dorsal annular bulging and enlarging the central canal by up to 33%. 35 Second, by using a lordotic cage, LLIF surgery has the capability of improving lordosis. The wide cage spans the width of the vertebral body, allowing it to take advantage of the most robust area of the endplate, the cortical apophysial ring. 40 Additionally, the LLIF operation is permissive in that it allows direct manipulation of the anterior and middle columns, which permits a potentially greater degree of deformity correction compared with manipulation from a posterior approach alone while minimizing blood loss and overall operative time in patients with adult degenerative scoliosis.
The LLIF has been incorporated as an adjunct treatment for adult scoliosis when combined with posterior segmental instrumented fusion (PSIF). There are an abundance of data in the literature on the ability of the LLIF surgery to significantly improve patient-reported outcome measures including visual analog score (VAS) for back and leg pain and the Oswestry Disability Index (ODI) for varying conditions. 10, 18, 21, 29, [31] [32] [33] 38, 39, 58 However, few single-center studies exist that evaluate the ability of the LLIF procedure in conjunction with PSIF to improve lumbar lordosis, correct coronal and sagittal plane deformity, and improve quality of life in patients with adult degenerative scoliosis.
We report on the 1-year clinical and radiographic results in 26 patients with adult degenerative scoliosis who underwent combined LLIF and PSIF at the University of Pittsburgh Medical Center.
Methods
This is an institutional review board-approved retrospective review of prospectively collected data at a single institution. Twenty-six consecutive patients with available preoperative and postoperative radiographs for analysis were included in this study. The patient population consisted of 21 women and 5 men. Ages ranged from 40 to 77 years old. Prior to operative management, all patients were treated conservatively with activity modification, physical therapy, chiropractic manipulations, pain medications, and/or steroid injections. Preoperatively and postoperatively, long cassette standing anteroposterior and lateral radiographs were obtained and used to measure lumbar lordosis, segmental coronal angulation, regional coronal Cobb angle, maximum Cobb angle, pelvic incidence, and sagittal vertical axis.
The general technique of LLIF has been previously described. 37 Placement of a 10° lordotic polyetheretherketone (PEEK) interbody cage occurred at various levels from L1-2 to L4-5. No patient received supplementary instrumentation with a lateral plate. In this study, the spine was approached from the concavity of the scoliotic curve with the intention to approach several levels through a single incision placed at the midveterbrae of the scoliotic curve. In cases without significant coronal plane deformity, a left-sided approach was preferred because of the resilience and more ventral location of the aorta over that of the great veins. The angle of the L4-5 disc space in relation to the height of the iliac crest was another important determinant in deciding the side of the approach and limited access to that level in some cases.
All LLIF grafts were 10° lordotic and packed with Intergro demineralized bone matrix (Biomet). Graft lengths ranged from 50 to 55 mm, heights from 10 to 12 mm, and widths from 18 to 22 mm. To minimize subsidence, we used 22-mm-wide cages whenever possible. The length of the cage was determined by the measurement of the endplate at each level based on intraoperative fluoroscopy. The maximum distraction achieved during discectomy using the trial inserts provided an estimate of the height of the cage. Eleven patients required extension of the construct down to the pelvis, and 9 patients required placement of an interbody graft via the transforaminal approach (transforaminal lumbar interbody fusion) at L5-S1. After the LLIF, patients were placed prone on the intraoperative CT scanner bed and underwent posterior thoracolumbar-instrumented stabilization either on the same day or within 1 week. The majority of the patients underwent the total procedure under 1 session of anesthesia, as described. However, in 7 patients, the procedure was completed in 2 separate stages. A staged procedure was preferred for patients with anticipated significant blood loss and for patients who required extensive osteotomies and/or placement of an interbody graft at L5-S1. The first stage involved posterior decompression, SmithPetersen-type or pedicle subtraction osteotomies with or without screw placement, and/or placement of an interbody graft at L5-S1, as access to this disc space via the LLIF approach is anatomically unfavorable. The subsequent stage was performed within a week and consisted of LLIF surgery followed immediately by return to the prone position and opening of the posterior wound for final rod placement and fixation in the desired position. All patients who underwent a 2-stage operation required extensive Smith-Petersen-type osteotomies or a pedicle subtraction osteotomy prior to LLIF surgery to facilitate the optimal degree of distraction for the LLIF operation.
Postoperatively, patients underwent follow-up at 6 weeks, 12 weeks, 6 months, and 12 months with postoperative radiographs including dynamic and long cassette standing images to evaluate for fusion and scoliosis correction. Radiographic parameters were measured by 2 independent observers. Maximum coronal Cobb angle ( Fig.  1) was measured on anteroposterior radiographs by finding the angle formed by the superior end plate of the most angulated superior vertebral body and the inferior end plate of the most angulated inferior vertebral body (the 2 end vertebrae of the major curve). Segmental coronal Cobb angles were measured using the inferior endplate of the rostral vertebral body and the superior endplate of the caudal vertebral body (Fig. 2) . The regional coronal Cobb angle was measured using the aforementioned method on anteroposterior radiographs (Fig. 3) . Lordosis measurements were made on lateral radiographs using the Cobb method, measuring the angle formed between the superior endplate of the L-1 vertebral body and the superior endplate of the S-1 body (Fig. 4) . Pelvic incidence was calculated by determining the angle between a line oriented 90° relative to the superior endplate of S-1 at the midpoint and another line from the sacral plate to midpoint of the axis of the femoral heads. Preoperative and postoperative lumbar lordosis-pelvic incidence (LL-PI) mismatch was then determined. The sagittal vertical axis (SVA) was determined both preoperatively and postoperatively by drawing a plumb line from C-7 down to S-1 and measuring its horizontal distance from the posterosuperior corner of the superior endplate of S-1 to determine sagittal balance.
Computed tomography images and plain radiographs obtained at the 12-month postoperative mark were reviewed to assess fusion. Fusion was defined as bridging bone connecting the adjacent vertebral bodies with no angular motion or translation. These images were also reviewed for evidence of cage migration, subsidence, haloing, or failed/broken instrumentation.
Clinical data were assessed through physical examination and patient-reported questionnaires (VAS, ODI, and 36-Item Short-Form Health Survey ) at each follow-up visit. Perioperative and postoperative complica- tions were also recorded. All measurements were collected and organized using an Excel spreadsheet (Microsoft). Statistical analysis was calculated using the paired t-test; a p value ≤ 0.05 was considered statistically significant.
Results
Patient details are reported in Table 1 . A total of 26 patients (5 men and 21 women) were included in the study. The mean patient age was 61 years (range 40-77 years ). All patients carried a diagnosis of adult degenerative scoliosis. Ten patients received LLIF cages across 4 lumbar levels from L-1 to L-5. Eleven patients received LLIF cages across 3 lumbar levels, either L-1 to L-4 or L-2 to L-5. Two patients received LLIF cages across 2 lumbar levels, either L-1 to L-3 or L-2 to L-4. Three patients received LLIF cages across a single lumbar level: 1 at L-2 to L-3 and 2 at L-4 to L-5. The maximum PSIF construct length spanned from T-2 to the pelvis. Eleven of the 26 patients had undergone 1 or more spinal operations at other institutions. These operations were aimed at relief of a specific symptom rather than definitive deformity correction. They included laminectomy with or without microdiscectomy (8 patients), single and multilevel fusions (4 patients), implantation of intrathecal opioid pumps (2 patients), synovial cyst resection (1 patient), and placement of a syringosubarachnoid shunt (1 patient). Twenty-five of 26 patients achieved solid fusion as confirmed on their CT scans at the 1-year follow-up visit. One patient demonstrated evidence of pseudarthrosis at the top of her construct 14 months after surgery and required extension of fusion to T-1.
The mean segmental coronal Cobb angle was significantly improved at all levels between L-1 and L-5 (p < 0.01) as depicted in Fig. 5 . This correction was seen immediately postsurgery and was maintained at the 1-year follow-up. The largest preoperative mean segmental coronal Cobb angle was at L1-2 (7.1°), and the greatest relative change between preoperative and follow-up was at L4-5 (from 6.1° to 0.86°).
The mean regional coronal Cobb angle was 14.9° preoperatively, 7.6° immediately postoperatively, and 5.8° at 1-year follow-up (p < 0.01). The mean maximal coronal Cobb angle also improved from 41.1° preoperatively to 15.1° on the day of surgery and to 12.0° at 1-year followup (p < 0.01). The mean reduction in maximum Cobb angle was 26.0° (p < 0.01) immediately postoperatively and 29.4° (p < 0.01) at 1-year follow-up.
The mean pre-and postoperative regional lumbar lordosis was 43.0° and 48.8°, respectively. This trended toward, but did not reach, statistical significance (p = 0.06). The mean pre-and postoperative LL-PI mismatch (Fig. 6 ) was 15.0° and 6.92°, respectively (p < 0.01), and the mean improvement in LL-PI mismatch was 8.1°. The mean pre-and postoperative SVA (Fig. 7) was 59.5 and 34.2 mm, respectively (p < 0.01).
Clinical outcome results were available in 19 patients at the 12-month follow-up. The mean pre-and postoperative VASs for back pain were 7.5 and 4.3, respectively (p < 0.01). Improvement was also seen in the postoperative VAS for leg pain (from 5.8 preoperatively to 3.1 [p < 0.01]). The mean pre-and postoperative Oswestry Disability Indices were 48 and 38, respectively (p < 0.01). The mean SF-36 Physical Component Summary score (Table 2 ). Three patients (11.5%) experienced a major complication, all related to pulmonary embolism despite receiving prophylactic doses of low-molecular-weight heparin. These patients were managed with anticoagulation in the form of a heparin drip with a transition to Coumadin for 6 months. None of these patients experienced a bleeding event as a result of anticoagulation, and all 3 of these patients recovered without adverse long-term events. Ten patients (34.6%) experienced a minor complication. These consisted of urinary tract infection in 5 patients, unintentional durotomy in 2 patients occurring during the posterior stage of the procedure, and pleural effusion necessitating temporary pigtail drainage in 2 patients. In this series of patients, 5 (19%) of 26 patients experienced new onset hip flexor weakness following surgery, which had resolved in all patients by the 6-week follow-up period. Three (12%) of 26 patients experienced transient sensory dysfunction as a result of genitofemoral nerve stretch, and all patients experienced resolution of symptoms by the 6-week follow-up period.
Six patients (23%) eventually underwent further surgical intervention following corrective surgery (Table 3) . Three patients developed proximal junctional kyphosis between 14 and 24 months postoperatively and required extension of the fusion construct superiorly. One of these patients developed radiographic evidence of pseudarthrosis at the top of her construct at her 1-year follow-up appointment. One patient underwent repeat right L-4 and L-5 foraminotomies for persistent right-sided radicular symptoms approximately 16 months postoperatively. As stated previously, 1 patient had a superficial wound infection requiring a wound washout and closure with plastic surgery. One patient, who had long-standing mild leftsided S-1 radiculopathy that preceded surgery, eventually underwent intradural exploration of her left S-1 nerve root for excision of a calcified cyst due to worsening radicular symptoms.
Discussion
The LLIF procedure has the capacity to achieve spinal fusion with less morbidity than traditional open procedures. 10, 18, 29, 33, 44, 45, 56 However, the utility of this technique in the treatment of spinal deformity, specifically with respect to adult degenerative scoliosis, has not been formally evaluated in greater detail. 2, 3, 10, 11, 18, 31, 34, 46, 47, 56, 60 With release of the lateral annuli, distraction across the disc space, and placement of a large interbody graft across the entire length of the endplates, the minimally invasive LLIF approach has become a powerful tool in the armamentarium in spinal deformity correction procedures. Indeed, when combined with PSIF, it has been reported to be effective in providing varying degrees of correction of degenerative lumbar scoliotic curves with less blood loss and less morbidity than traditional open procedures. 3, 41, 56 Anand et al. 2 used the minimally invasive transpsoas approach as an adjunct to posterior stabilization in 12 patients. This study found that this approach, combined with posterior instrumented stabilization, could achieve statistically significant curve correction and improvement in quality of life measures in adult scoliosis. However, the aforementioned study incorporated minimally invasive posterior instrumentation with a maximum construct length of 8 segments. Our study examines a larger patient population utilizing the LLIF procedure in conjunction We found that LLIF in combination with PSIF results in statistically significant improvement in many radiographic parameters. At the 1-year mark we found a statistically significant improvement in the segmental coronal angulation at all levels in patients who underwent an LLIF with posterior stabilization. This was observed on the day of surgery and was maintained at the 1-year follow-up time point. Additionally, we found a statistically significant reduction in maximum and regional coronal Cobb angles as measured in the coronal plane postoperatively, and this was further maintained at the 1-year follow-up time point. Also, lumbar lordosis improved; however, this change failed to reach significance. Perhaps most importantly, patients who underwent combined LLIF and posterior fixation reported statistically significant improvements in a number of quality of life assessments and were physically functioning at a higher level at 1 year after surgery compared with preoperatively. This, we believe, is from the correction of the spinopelvic biomechanics as measured with the pelvic incidence and its relation to lumbar lordosis. Both patients who had previously undergone implantation of intrathecal opioid pumps had their pumps removed within 1 year after definitive corrective surgery.
Numerous studies have also investigated regional lumbar lordosis, which is directly related to global sagittal alignment. 12, 20, 22, 57 Studies have found the normal range for lumbar lordosis to be 42°-66°. 24 Loss of lordosis is poorly tolerated in the lumbar spine, 16, 48, 50 and its maintenance is critical to better achieve global sagittal balance. Lumbar lordosis is dependent on the sacral slope, which in turn (along with pelvic tilt) determines the pelvic incidence. Therefore, as sacral slope increases, so too do the pelvic incidence and lumbar lordosis. 23, 43, 59 Furthermore, the pelvic incidence and lumbar lordosis should be within 10°, and deviation from this parameter suggests an LL-PI mismatch. Optimal lordosis in combination with sound spinopelvic orientation is a key endpoint when evaluating sagittal deformity. Unlike lumbar lordosis, pelvic incidence is relatively constant. Therefore, in patients with sagittal plane deformity, postoperative lumbar lordosis alone does not necessarily correlate with maximum clinical and radiographic improvement. The lumbar lordosis in relation to the pelvic incidence is a more powerful radiographic parameter that predicts postoperative success. Similarly, the SVA is a reliable and accurate predictor of the change in the sagittal plane deformity. [6] [7] [8] 23, [48] [49] [50] 54 The majority of patients in this study had significant coronal imbalance out of proportion to sagittal imbalance. Nevertheless, sagittal imbalance was significantly improved after surgical intervention, as evidenced by the LL-PI mismatch and SVA parameters.
In their series of 36 patients who underwent LLIF, Acosta et al. 1 reported that segmental lumbar lordosis could be increased but not regional lumbar lordosis or global sagittal alignment. Of these patients, 35 had supplemental posterior instrumentation. The authors used 6° lordotic cages, and immediate postoperative radiographs were obtained for comparison.
Le et al. 22 recently reported that LLIF can increase segmental lordosis and disc heights significantly but not regional lordosis. Patients who underwent LLIF using a 10° lordotic cage without supplemental posterior instrumentation were included. Thirty-four of the 35 patients, however, had a lateral plate placed in addition to the PEEK cage. The lateral plate does contribute to motion restriction in lateral bending and rotation with influence also on flexion and extension. 9 The authors mentioned that the use of cages with more than 10° lordosis and/or elective section of the anterior longitudinal ligament (ALL) could potentially provide a greater degree of lordosis.
Deukmedjian et al. 12 used 30° hyperlordotic cages in 7 patients who in addition to LLIF also underwent posterior stabilization and sectioning of the ALL. At a mean follow-up of 9.1 months they found a mean increase in global lumbar lordosis of 24° and an increase in segmental lordosis of 17° per level of ALL released. As previously stated, although lumbar lordosis did increase postoperatively in this study, it did not reach statistical significance. However, lordosis alone is not an adequate measurement of sagittal balance. The SVA and LL-PI mismatch, which were significantly improved postoperatively in this study, are much more accurate parameters for determining the degree of sagittal imbalance. Furthermore, most patients in this series had a coronal plane deformity as the primary problem, which was the primary target of surgical intervention.
The findings in our study correlate with those in other studies regarding the effectiveness of a combined lateral and posterior approach in correction of adult degenerative scoliosis. As stated previously, the LLIF renders the vertebrae susceptible to biomechanical manipulation through release of anatomical tension bands and likely permits greater curve correction than stand-alone posterior fixation. Furthermore, the low morbidity and minimally invasive nature of the LLIF procedure may reduce overall blood loss and complications from a more difficult posterior-only operation, which would require more extensive osteotomies and involve significant manipulation of the spine posteriorly without access to the anterior or middle columns. It would be useful in the future to do further studies to delineate the degree of permissive correction achieved with LLIF when used in conjunction with posterior fixation, performed in both a minimally invasive and open fashion.
Hip flexor weakness, resulting from stretching of the iliopsoas muscle during the lateral placement of the interbody graft, is commonly seen after LLIF surgery. There are multiple studies in press that have reported on the incidence of hip flexor weakness following LLIF surgery, ranging from 15% to 25%. [1] [2] [3] [4] In this series, the incidence of transient hip flexor weakness is 19%, which is consistent with the reported risk of transient hip flexor weakness following LLIF surgery. Sharma et al. 52 reported a 25% incidence of postoperative anterior thigh numbness as a result genitofemoral nerve trauma after LLIF. In our series, the incidence of transient thigh numbness is 12%, which is consistent with the reported risk of transient thigh numbness after LLIF surgery. It should be noted that although the major complication rate (for example, death or paralysis) for lateral transpsoas surgery is low, such complications do occur. At our institution, we report a prior death in 1 patient after a bowel perforation during a stand-alone LLIF operation. This patient did not meet inclusion criteria for this study.
Conclusions
A hybrid approach to patients with spinal deformity related to adult degenerative scoliosis that combines the minimally invasive LLIF operation with open PSIF allows for significant radiographic correction and improvement in quality of life with acceptable complication rates. Other studies are in process to evaluate the influence of stand-alone LLIF versus LLIF with posterior segmental stabilization on global spinal parameters including sagittal balance, coronal balance, and pelvic incidence.
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